Abstract. In the auroral zone of the Earth, the electron acceleration by Alfvén waves is sometimes seen as a precursor of the non-propagating acceleration structures. In order to investigate how Alfvén waves could generate non-propagating electric fields, a series of simulations of counter-propagating waves in a homogeneous medium is presented. The waves propagate along the ambient magnetic field direction. It is shown that non-propagating electric fields are generated at the locus of the Alfvén waves crossing. These electric fields have a component orientated along the direction of the ambient magnetic field, and they generate a significant perturbation of the plasma density. The non-linear interaction of down and up-going Alfvén waves might be a cause of plasma density fluctuations (with gradients along the magnetic field) on a scale comparable to those of the Alfvén wavelengths. The present paper is mainly focused on the creation process of the non-propagating parallel electric field.
Introduction
An auroral substorm is an abrupt increase in night-side hemispheric auroral power. The visual displays of the auroras happen at ionospheric altitudes (typically in the range 60-400 km). A substantial part of the electron acceleration that triggers the auroras happens at a few thousands of kilometres above the ionosphere. Two main families of acceleration processes have been identified, associated to quasi-static electric fields, and to Alfvén wave electric fields. The acceleration by quasistatic, and basically non-propagating, electric fields (inverted V, or other kinds of localized parallel electric fields) produces mono-energetic beams of electrons, while those by Alfvén waves are associated to broadband energy distributions. Recent observations show that these two families of processes are not independent from each other.
A series of papers tend to conclude that quasi-static electric field structures might cause Alfvénic acceleration. An auroral plasma physics experiment on-board a rocket that flew into a 100 nT auroral substorm explored an environment composed of an equatorward region of inverted V electron precipitation followed by a poleward region of mostly fieldaligned supra-thermal electron bursts. In the inverted V region (Klatt et al., 2005) , the measured δE/δB implied a stationary field-aligned current configuration. In the poleward region, the average electric field included time-varying components with periods of 0.5-5 s, and δE/δB was Alfvénic. The perpendicular scale size of most of these waves was on the order of a kilometer or less, as expected for acceleration by inertial Alfvén waves. The role of the Alfvénic acceleration in the poleward side of arcs was confirmed by conjugate observations from space and from the ground (Frey et al., 2010) . It was proposed by Klatt et al. (2005) and others (Asamura et al., 2009; Chen et al., 2005) , that the Alfvén waves might be triggered by the electron beam caused by the quasi-static electric fields. Then, the Alfvénic acceleration would be a consequence of the quasi-static electric structures.
Reciprocally, other papers suggest that Alfvénic processes might act as the precursors of quasi-static non-propagating acceleration structures. The optical observations reveal the development of a much brighter onset arc poleward of growth-phase arcs (Zou et al., 2010) ; the Alfvénic acceleration, mostly associated to the poleward side, might act as a precursor to the quasi-static electric fields. Newell et al. (2010) combined a very large number of identifications of substorm onsets from satellite global imagers with DMSP particle data to investigate the substorm cycle dependence of the diffuse aurora, monoenergetic aurora (produced by quasistatic electric fields), and broadband aurora (associated with Alfvénic acceleration). Although all types of aurora increase
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at substorm onset, they showed that broadband aurora are notably associated with substorms and, especially, substorm onset.
Evidences of acceleration structures emanating from Alfvén waves are also given by the direct observation of the parallel electric field (parallel to the mean direction of the magnetic field) (Chust et al., 1998; Chaston et al., 2007) or by the estimate of the wave Poynting flux (Louarn et al., 1994; Volwerk et al., 1996; Keiling et al., 2000) . More references can be found in Keiling (2009) . More recently, Hull et al. (2010) performed a case study of the development of an acceleration region based on multi-point Cluster observations in the high altitude auroral zone, across the plasma sheet and into the polar cap. They have identified an Alfvén wave dominated system, with its typical broad spectrum of accelerated particles, in the vicinity of a plasma cavity. After Alfvénic acceleration, the signature (the so-called inverted V) of particles accelerated by a quasi-static structure, such as a strong double layer, was observed. This suggests that the Alfvénic acceleration process could act as a precursor to the quasi-static process. But the Alfvén waves might not only be a cause for inverted-Vs. Ergun et al. (2005) have reported observations of spiky parallel electric fields associated to nonlinear Alfvén waves. Contrarily to inverted-Vs, these structures do not display any parallel electric current; they probably belong to an another category of electric field structures.
Considering the complexity of the auroral processes, it might be hazardous to state that one family of acceleration processes (non-propagating structures or waves) is systematically the consequence of the other. In the present study, without arguing against the possibility that quasi-static acceleration structures can generate Alfvén waves, we investigate the opposite case of quasi-static -or more precisely, nonpropagating -electric field acceleration structures triggered by Alfvén waves. This paper presents a series of numerical simulations that investigate the interaction of down-going incident Alfvén waves with their up-going reflected counterpart. Their ability to create parallel stationary electric fields is questioned, as well as to prepare the auroral plasma before the setting of the acceleration processes. Because the duration of our simulation is short in comparison to the duration of the observed acceleration structures, one cannot conclude unambiguously on the quasi-static character of the structures generated through the Alfvén waves interaction, but we will state whether they are propagating or non-propagating. Complementary to the observational facts mentioned above, the approach in this paper is determined by a search for simplicity. That is why the initial conditions in the simulations are rather basic: we consider a plasma that is uniform in density, temperature, mean velocity and magnetic field. There is no mean current. In it, we superimpose two Alfvén waves, or two Alfvén wave packets, propagating along the ambient magnetic field direction X (possibly in both directions), and we observe what happens, with special attention given to the possible emergence of a parallel electric field E X and to the plasma density.
Because of this simple setting, the present study cannot pretend to bring any conclusion on the large scale structure of the auroral zone. Therefore, we cannot involve the large scale density and magnetic field dependence with altitude, net potential drops on large scales, etc. Because the numerical simulations are conducted with a reduced ion to electron mass ratio, quantitative comparisons with auroral data cannot be done yet. As well as the analysis of the accelerated particle distribution function and of the field aligned current, the quantitative analysis is left for a further stage of this investigation. This paper focuses on an explanation of the physical process observed in the simulations that are in the range of "microphysics" when compared to magnetospheric scales. Nevertheless, its potential relevance to auroral physics is the main motivation of this work.
It has been shown in previous studies (Hasegawa and Chen, 1975; Goertz, 1984) that, even in the context of linear theories, Alfvén waves with an oblique wave vector induce an electric field with a component parallel to the ambient magnetic field. This happens provided that the transverse scale is small enough to allow k ⊥ c/ω p ∼ 1 or k ⊥ ρ i ∼ 1, where k ⊥ is the wave vector's component perpendicular to the ambient magnetic field, ω p is the plasma frequency, and ρ i is the ion Larmor radius. In the present study, we do not suppose that the Alfvén waves are already accelerating the plasma. As the origin of their small transverse scales is not trivial, it is more careful, for the generality and the simplicity of the initial condition to neglect the presence of small transverse scale associated to the Alvfén waves. The choice of setting initially waves without small transverse scale also comes from the need to explain up-going waves. They should be the reflected part of down-going waves created in the magnetosphere, and reflected upon the ionosphere. Alfvén waves with small transverse scales of the order of 1 km, like those associated to acceleration structures described by Klatt et al. (2005) , cannot be reflected efficiently upon the ionosphere (Lessard and Knudsen, 2001) . Therefore, we set initially waves that propagate along the magnetic field. Because the Alfvén waves in the present study propagate along the ambient magnetic field, the linear theory shows that they do not carry any parallel electric field, even when inertial and kinetic effects are considered. Therefore, the setting of a parallel electric field E X presented in the next sections is the result of nonlinear effects.
Let us notice already that we make a distinction between the X component of a vector (parallel to the ambient -and uniform -magnetic field) and its x component, that is parallel to the local value of the magnetic field. The reason why is explained in Sect. 4. As in Génot et al. (2000 Génot et al. ( , 2001a Génot et al. ( , 2004 , dedicated to the physics of auroral Alfvén waves, the numerical simulations are made with a EGC (Electron Guiding Center) electromagnetic PIC code that takes into account the motion of the electron guiding center and the full ion motion. The boundary conditions are periodic. A complete description of this code is given in Mottez et al. (1998) .
The physical variables are reduced to dimensionless variables. Time and frequencies are normalized by the electron plasma frequency ω p0 that correspond to a reference background electron density n 0 . Velocities are normalized to the speed of light c, and the magnetic field is given in terms of the dimensionless electron gyrofrequency ω ce /ω p0 . The mass unit is the electron mass m e . Therefore, the units (starting from the Maxwell equation in the MKSA system) are c/ω p0 for distances, ω p0 /c for wave vectors, e for charges, en 0 for the charge density, cω ce /ω p0 for the electric field. In the following parts of this paper, all the equations, numerical values and figures are expressed in this system of units.
This paper is based on a series of numerical simulations, whose naming convention is AWC (for Alfvén wave crossing) followed by a number, or a number and a letter. These simulations share most of their characteristics with AWC001, which is therefore used as a reference simulation. For the others, a few parameters are varied. When a physical parameter is varied (for instance, a wave amplitude), the number is different. When only computational parameters are varied (such as the number of macro-particles), a letter is added to the name of the simulation.
Here are some details about the parameters and initial values of AWC001. Two wave packets propagate in a uniform plasma, in opposite directions along the X-axis. There are 819 200 particles of each species in the simulation; it corresponds to 50 particles per cell. There are 2048 time steps, defined by t = 0.2, corresponding to a total time t max = 409.6. The size of the whole simulation domain is 4096 X ×4 Y , where X = Y = 0.1 is the size of the grid cells. Therefore, the simulation is practically in one dimension. The electron thermal velocity is v te = 0.1; the ion and electron temperatures are the same. The ion to electron mass ratio is reduced to m i /m e = 400.
Each wave packet is initialized as the sum of 8 sinusoidal waves with their maximum -in terms of magnetic perturbation -at X 1 = 0 for the first wave packet, and X 2 = 241 for the second wave packet. In each packet, the waves have the same amplitude, given by the wave magnetic field amplitude δB = 0.12. The value of the background magnetic field is B 0 = 4. The waves have a right handed circular polarization. This corresponds, in parallel propagation, to the fast magneto-sonic branch of the dispersion relation. Their wavelengths are λ = λ 0 /m where λ 0 = 409.6 and m varies from 1 to 8. The phase velocities vary from 0.45 for the shortest wave to 0.23 for the longest. (The Alfvén velocity is V A = 0.2.) The first wave packet propagates downward (toward positive values of X) and the second wave packet propagates upward (toward negative values of X).
For each of the eight sinusoidal waves (characterized by the mode number m), the wave vector k m is parallel to the X-direction, which is also the direction of the quasi-1-D box (with 4096 cells in the x-direction and 4 cells in the y-direction) and the direction of the ambient magnetic field B 0 = (B 0 ,0,0).
Following a widespread convention, we call the direction of the wave vector the longitudinal direction. In the present case, it is given by the X-axis. We say that the direction of the magnetic field is the parallel direction. With a wave of infinitesimal amplitude, the longitudinal and the parallel directions would coincide, but this it is not the case with finite amplitude Alfvén waves.
The polarization of each of these sinusoidal waves is given by initial values of the transverse components B Y (X), B Z (X), E Y (X), E Z (X) of the electromagnetic field, and by the particles' velocity. Each macro-particle, electron ("e") or proton ("p"), of index "i" has a random velocity, following a Gaussian law determined by the temperature, to which is added a transverse velocity perturbation v eY (X i ), v eZ (X i ), v pY (X i ), v pZ (X i ) that depends on the particle's position X i and nature (electron or proton). Each of these functions of X is of the form
, where X j is the position of the centre of the wave packet (one value for each wave packet), and f F m is a scalar that is different for every field (B Y ... v Z ) and every mode m. For the magnetic field, f Bm = 1. For the parallel electric field, f Exm = 0. The other values of f F m are computed numerically, before the simulation, through the resolution of the linear dispersion equation of Alfvén waves in the cold bi-fluid approximation, as detailed in the appendix of Mottez (2008) . At the center of a wave packet (represented by the values X 1 and X 2 for the first and the second wave packets), the amplitude of the magnetic field is initially 8×δB, as the wave packet is the sum of 8 sinusoidal waves (labelled by their mode number m varying from 1 to 8) with the amplitude δB.
This way of initializing Alfvén wave packets has already been applied and tested by Mottez and Génot (2011) . It was shown that for a single wave packet propagating on a uniform plasma, the packet is not destroyed by the dispersion. Apart from noise at a frequency around the plasma frequency (ω ∼ 1), for a moderate wave amplitude, still for a single wave packet, there is no creation of parallel electric field, or at least the electric field is below the noise level. This point will be discussed in the next section for waves of larger amplitude.
The parameters of the other simulations are presented in Table 1 . The initial values of the wave packets positions X j are varied in a few simulations in order to test any influence of phase and boundary conditions. Actually, none is seen. The values of X j , of no influence, are not specified in Table 1. The simulations AWC001 to AWC010 are initialized Table 1 . Simulation parameters varied from AWC001, and parallel electric field maximum value. Each column contains the data for the wave packets 1 and 2. RH (resp. LH) is for right-hand (resp. left-hand) polarized waves. D and U mean Downward and Upward propagation. The simulations AWC001 to AWC009 correspond to wave packets, each packet being the sum of 8 sinusoidal waves with the same amplitude. This amplitude, given in the column δB, can be different for the two wave packets. The range of wavelengths is indicated in the column λ. In the simulation AWC010-AWC019, there are no wave packets, but only two sinusoidal waves, whose wavelengths are given in the column λ. Versions "b" are made with more particles. Version "c" is a 2-D simulation (see text). In the last column is displayed the maximum amplitude of the parallel electric field at any place and any time in the simulation. The maximum intensity is reached at the locus of the wave packets interactions, except for AWC009, where the most intense value of E X is associated to plasma wave oscillations. For AWC009, the second number indicates the amplitude associated with the Alfvén waves interaction. with two wave packets. The simulations after AWC010 are initialized more simply with only two sinusoidal waves propagating in opposite directions. As we will see, this simpler setting is a good help to better characterize the nature of their interaction. In simulations AWC13 to AWC019, only the amplitudes of the two waves are varied. Actually, these simulations have been done in two versions. The fist corresponds to 50 particles per cell, as in AWC001-AWC009. Other series (AWC010b and AWC013b-AWC019b) have been conducted with 400 particles per cell. These simulations "b", apart from being less noisy, provide the same results and the same numerical values (as far as the signal, and not the noise above it are concerned). The simulation AWC010 has also a version "c", made with a bi-dimensional grid of size 2048 × 1024, 40 particles per cell, and 512 time steps. The fields computed in this simulation show the same behaviour as in the 1-D simulations, and they remain invariant in the y-direction (as were the initial conditions), proving that the phenomenon under study is basically mono-dimensional.
A series of values of plasma parameters corresponding to the initial condition of IWC001, ICW002, ICW014 and ICW020 is presented, in ascending order, in Table 2 . The ordering is consistent with the low density regions of the auroral zone, but because of the reduced ion to electron mass ratio, the values are closer to each other than in a real plasma. We can notice that in ICW001, the wave velocity is quite high compared to the MHD Alfvén wave velocity (V A = 0.20). The small wavelengths components of the wave packet rather belong to the high frequency part of the dispersion relation branch. The simulation ICW002 has been conducted with two left-hand polarized waves. These waves' frequencies (from ω = 0.0087 for m = 8 to ω = 0.0025 for m = 1) are all lower than the ion gyrofrequency ω ci = 0.01), although still fairly close. We are clearly in the high frequency range of the Alfvén wave branches, like Electro Magnetic Ion Cyclotron waves (EMIC), also encountered in the auroral zone. With the simulation ICW020, the two waves are simple sinusoids, their phase velocity V = 0.22 is close to the MHD Alfvén velocity V A = 0.20, and their frequency ω = 0.0034 is a third of the ion cyclotron frequency ω ci = 0.01. They correspond better to the characteristics of a MHD-like Alfvén wave.
In IWC001, the total wave amplitude magnetic field reaches 25 % of the background field. This high wave amplitude is never met in the auroral zone. ICW001 is clearly a caricature in the sense that the plasma characteristics are exaggerated. The counterpart to this excess is a numerical simulations that could be conducted rather quickly, with a high signal/noise ratio that allows for an easier analysis of the physical processes at work. The other numerical simulations are conducted with wave intensities that are systematically lower than those in ICW001. For instance, in ICW014, both waves' amplitudes (here, simple sinusoids) represent 1 % of the background magnetic field amplitude, a value more conform to those met in the high altitude auroral zone.
3 Electrostatic field at the crossing of two Alfvén wave packets Figure 1 shows the magnetic field component B Z (X,t) in simulation AWC001. We can clearly see two structures that propagate in opposite directions, with a moderate distortion, until they meet, around time 200. These structures, initially located around X 1 = 0 and X 2 = 241, are the two wave packets. They propagate with a uniform velocity and they are modified but not destroyed after their mutual interaction. Figure 2 shows the longitudinal electric field E X (X,t) in the same simulation. This electric field component is parallel to the wave vector and to the ambient magnetic field. We can see high frequency oscillations that do not propagate; they are simply a noise background oscillating around the plasma frequency (ω = 1). As in Mottez and Génot (2011) , this noise is enhanced at the initial position of the wave packets because of an imperfect initialization of the Alfvén wave modes. More interesting, we can see that around time 200, when the two wave packets strongly interact, there is the emergence of an electric structure that does not propagate and that lasts as long as the two wave packets cross each other. The simulation AWC002 is the interaction of two packets of shear Alfvén waves, characterized for parallel propagation, as left-hand circularly polarized waves. (The simulations AWC001 involve right-hand polarized waves.) Their phase and group velocity is smaller, and the simulation is conducted over a larger number of time steps (up to t = 1200). Here again, when the two wave packets meet, a structured longitudinal electric field E X appears. Nevertheless, the interaction of the two wave packets takes a time that is larger than those at which the simulation stops. It is possible that specific effects associated to the low velocity of the waves and maybe to ion giro-resonant effects play a supplementary role, not seen with right-hand circularly polarized waves. The simulation AWC003 is based on the fact that a righthand side polarized packet propagates faster than a left handside polarized one. Therefore, when can test the interaction of two wave packets propagating in the same direction. Simulation AWC003 shows that when the faster wave packet reaches the slower one, a parallel electric field structure develops again, as shown on Fig. 3 . Of course, in this circumstance, the electric field structure is propagating too, as the locus of the interaction between the two wave packets. Nevertheless, the parallel electric field reaches a level that is about 5 times smaller than in AWC002, in spite of Alfvén waves of the same amplitude. Therefore, the fact that the two waves are not counter-propagating may have an influence on the level of the parallel electric field.
The simulations AWC004-AWC008 test the conditions of AWC001 with different wave packets amplitudes and initial locations. As the signal is expected to be lower, because of smaller wave amplitudes, we have lowered the noise level by raising the number of macro-particles to 400 per cell. Again, a parallel electric field structure emerges, as in AWC001.
The last simulation of this series, AWC009 is the superposition of two neighbouring wave packets of high amplitude and propagating at the same velocity. Actually, it is similar to a very intense single wave packet and it appears that there is a longitudinal electric field E X propagating with same velocity as the waves. For a better understanding of what happens, a series of simulations with simpler initial conditions has been made. They consist of two sinusoidal counter-propagating waves instead of two wave packets. Figure 4 shows the magnetic field component B Z (X,t) in simulation AWC010. The space time dependency of the amplitude results from the superposition of the two counter propagating waves of equal velocity modulus and amplitudes. We can see that there are four wavelengths along the simulation box (the initially selected mode number is m = 4). Figure 5 shows the corresponding electric field E X .
We can see that there is a sinusoidal dependency of mode m = 8 and of null frequency. In order to confirm this observation, we have made space-time Fourier transforms of B Y (X,t), B Z (X,t), E X (X,t), E Y (X,t), etc. The Figs. 6 and 7 show the Fourier transforms of B Z and E X . As the simulation box is treated with periodic boundary conditions, the space Fourier transform is clean. The time Fourier transforms is made with 1024 samples, covering the whole simulation. The time series was apodized in a simple way: the reversed time signal was appended to the direct one. As the total duration of the simulation is not a multiple of the Alfvén wave frequency, there is a rather important aliasing effect. Nevertheless, it is possible to distinguish the time dependent modes from those that are constant (in the last case, there is no aliasing). We can see in Fig. 6 that the dominant amplitude is on the mode m = 4, in accordance with the initial conditions, and that the frequency is non zero, with a peak that is compatible with the theoretical wave frequency of 0.02. There is a second peak for the mode m = 12 that is two orders of magnitude below, which is not analysed further in the present study. The Fig. 7 shows that for the E X electric field, the dominant mode corresponds to m = 8 and to a null frequency. These Fourier transforms confirm what could be seen in Figs. 4 and 5. The Fourier analysis allows to go a bit further. Concerning B Z (Fig. 6) and B Y (not shown), there is no signal for m = 8. The Fourier transforms of E Y and E Z show an intense peak for m = 4 and a smaller for m = 8. These spectra suggest that the mode m = 8 seen in the electric field is electrostatic, and that it is the result of nonlinear wave coupling between the two Alfvén waves. Indeed, let us call (ω A ,k A ) and (−ω A ,k A ) the frequencies and wave vector of the two counter-propagating Alfvén waves, where their coupling would result in the two modes As mentioned in Sect. 2, the simulations ICW001-ICW019 involve Alfvén waves of quite high frequency, unlike the Alfvén waves met in the auroral zone. In order to study the influence of lower frequencies, ICW020 has been conducted with two sinusoidal waves with the same wavelength as the length of the simulation box. These waves have a velocity close to the MHD Alfvén wave velocity, and a frequency significantly lower than the ion gyrofrequency (see Table 2 ). This simulation also exhibits a purely electric wave with a component E X of finite amplitude, showing the same characteristics as those described above. The maximum amplitude of E X in ICW020 is 0.0036. A similar value is attained in ICW010, made with two sinusoidal waves with the same amplitude but a four times shorter wavelength. Therefore, we can conclude that the emergence of the electric field component E X is not a consequence of the rather high frequency of the wave on the Alfvénic branches used in the other simulations.
Theoretical interpretation of the longitudinal electric field
A full MHD approach of a large amplitude Alfvén wave, such as the simple wave described by Passot and Vázquez- Fourier tr. of BZ -log. scale- Semadeni (2003), shows that a single wave of finite amplitude in parallel propagation along the magnetic field can be indeed associated to a mass density perturbation. Due to the limitations of MHD, the charge density perturbation and the associated electric parallel field are not investigated by these authors. An interpretation of parallel electric fields has been proposed by Tsiklauri (2006) , in the context of parallel electric field generation by an Alfvén wave for an application to Sun coronal heating. It is based on the fact that E X is not locally parallel to the magnetic field. At the location where the Alfvénic perturbation is high, the intensity of the B Y ,B Z magnetic field (1.7) reaches 40 % of the ambient magnetic field (B 0 = 4). Therefore, X is not any more the local parallel direction to the magnetic field. This fact, resulting from the non-linearity of the waves, will be helpful in the further interpretation of the phenomenon.
Let X,Y be the frame of the simulation, where X (the longitudinal direction) is the direction of the wave vector k and the ambient magnetic field B 0 . Because of the null divergence of B, B X = B 0 , and the magnetic perturbation has only Y-and Z-components. For simplicity, but without entailing the generality of the computation, we consider only the X-and Y-components of the vectors (considering the Z-component would not change the conclusions). For two counter-propagating waves, the magnetic perturbation is Ann. Geophys., 30, 81-95 Fourier tr. of EX -log. scale- Let (x,y) (different from X,Y ) be the orthogonal coordinates, where x is parallel to the local magnetic field. A magnetic field line, because of the perturbation by the waves, is given by
The condition E · B = 0 implies
where θ is the angle between the X-and the x-axis, given by
As the electric field is perpendicular to the magnetic field, E x = 0 and E y can be written as
The coefficients φ B1 ,φ B2 ,φ E1 , and φ E2 are appropriate numbers, independent from location and time, determined by the waves polarizations. From the above equations, the longitudinal electric field becomes
For a circularly polarized wave, the Faraday law implies that φ B1 − φ E1 = ±π/2 and φ B2 − φ E2 = ±π/2. Therefore, the two first terms of the above equation cancel.
With only one wave of mode m, this equation reduces to
and the E X perturbation has a wave vector 2k (mode 2m) that propagates with the same velocity as the Alfvén wave.
With two waves, we can see the appearance of two other kinds of signal. The first is a stationary wave of mode 2m, which corresponds exactly to what is seen on the simulations AWC010 and AWC011-AWC020. The second is a wave of infinite length and a frequency 2ω.
We can notice that, according to this explanation, the setting of the E X electric field is not progressive, but quasiinstantaneous, as seen in our simulations.
Here is a derivation of E X in the particular case of two counter-streaming circularly right-handed waves. The wave coefficients, given in a fully developed explicit form in Mottez (2008) , are such that, setting arbitrarily the value of φ E1 ,
where φ 0 represents the phase shift between the wave 1 and the wave 2. As the two waves have the same polarization, E 1 B 2 = B 1 E 2 . Inserting these values in Eq. (6), one finds The two terms corresponding to a wave of infinite length cancel (phase opposition), and those corresponding to the time invariant signal, in phase, add to each other, making the time invariant electric field the dominant term.
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In the particular case of two counter-streaming circularly waves of opposite circular polarisation, φ E1 = 0 and φ B1 = + π 2 (11)
and
In that case, the coupling term between the two waves (the one proportional to E 1 B 2 ) is purely time dependent, as if for a wave of infinite wavelength. The next section is devoted to a comparison of this simple theoretical model with the simulation results.
Testing of the properties of the longitudinal electric field
This coupling process is typically 1-D, and it should happen in the same way in a 2-D simulation with the same initial conditions. This is what has been checked with the simulation AWC010c, made on a box of size 4096 × 1024 (instead of 4096 × 4 for the other simulations). The behaviour of the plasma in this simulation is the same as in 1-D, and the fields remain invariant in the y-direction. The simulation AWC011 shows the interaction of a lefthand polarized wave crossing a right hand polarized one. The electric field is displayed in Fig. 8 . We can see a mode of zero wave number and a frequency that is the double of the Alfvén waves frequency. This is compatible with the other possible wave coupling, which consists of the difference of the two initial Alfvén waves, considered as two pump waves,
, whose resulting electric field E X is given by the wave coulpling term in Eq. (13).
According to Eq. (6), the amplitude dependence must be quadratic, or more precisely, linearly dependent on the amplitude of each of the two pump/Alfvén waves. In order to check this, the AWC012-AWC019 simulations have been conducted. The characteristics of the initial Alfvén waves are the same as in AWC010, except for their amplitude that take various values. In all cases, an electric field similar to those in AWC010 is observed. One expects that the amplitude of the mode ω = 0.,m = 8 in the Fourier transform (we use the notationẼ 0.,8 ) is proportional to the product δB 1 ×δB 2 of the two Alfvén waves. Therefore, a ratio Q =Ẽ 0.,8 /δB 1 × δB 2 has been computed. It is displayed in Table 3 . We can check that Q is constant, within a margin of one percent.
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The Fourier transforms displayed in Fig. 7 show indeed that the term of null frequency and 2k wave vector is dominant in the expression of E X , as seen in Eq. (10). But the two first terms of this equation are not supposed to be null; nevertheless, they do not appear in the spectrum of Fig. 7 . Two other simulations with the same parameters but different values of φ 0 have been performed, and they show the same behaviour. A similar remark can be done about the simulation AWC009. . . and all the others. This is not explained by the little theory exposed in Sect. 4. The theory given in Sect. 4 would correspond to the simulations if only the terms that couple two different waves would be kept. It would mean that the different waves couple to each other, but that they do not couple to themselves. This might be the case if the single sinusoidal solution of the linear wave equation would also be a solution of the nonlinear equations, as for ideal MHD Alfvén waves. If we make this supposition, the only term remaining in Eq. (10) would be simply
and this would correspond to what is seen with the simulation AWC010 on Fig. 5 , where the electric field E X has no time dependence. Similarly, the only term remaining in Eq. (13) would be
Again, this would correspond to the case of AWC011, where, as seen on Fig. 8 , the electric field E X is purely time dependent.
A glimpse at slower processes
The simulations conducted with two input Alfvén waves show that the electric field E X (whatever sinusoidaly time or space dependent) reaches a constant amplitude quasiinstantaneously. Does it mean that there is no slower evolution of the plasma properties? No. Figure 9 shows a stack plot of the electron density n e (X,t). We can see that it has an increasing modulation associated to the same wave-mode (m = 8) as the longitudinal electric field E X . There is obviously a link between this amplification of the density modulation and the particle acceleration by the parallel electric field E X . But at the same time, a part of the process maybe connected also to the wave coupling process. Actually, no amplification is seen either on the perpendicular electric field components E Y and E Z , and there is no obvious amplification either of the charge density (compatible with a constant value of E X ). This question will be addressed in more details in a further study, with a careful examination of the particle distributions. Let us notice, for an possible application in the auroral context, that the growth of the plasma density perturbations is not restricted to the case of sinusoidal waves. It happens with the crossing of two waves packets, and it can reach a very high amplitude, as shown in Fig. 10 . In the auroral context, this modulation of the density would correspond to perturbations of the density as a function of the altitude, on a scale similar to those of the Alfvén wavelength.
Conclusions
This paper show a series of numerical experiments about the interaction of Alfvén waves propagating in opposite directions, in a situation that may be relevant for auroral physics. It is shown, for the first time in the auroral context, that the interaction of counter-propagating Alfvén waves, with k ⊥ = 0, can generate longitudinal electric field structures. This process has been simulated with Alfvén wave packets and with Alfvén sinusoidal waves. The produced electric field structures do not propagate, provided that the locus of interaction of the two Alfvén waves is static.
Actually, a single wave packet of high intensity generates quasi-instantaneously a parallel electric field E X of low amplitude. The role of the counter-propagating waves resides in the appearance of other space and time dependencies, including the setting of a non-propagative structured longitudinal field E X . Kraichnan (1965) showed that in incompressible MHD, the non-linear interactions occur only between Alfvén wave packets travelling in opposite directions. Therefore, the finite electric field E X seen with waves propagating all in the same direction is the result of compressive or kinetic effects. It is suggested that the E X electric component is generated by the distortion of the magnetic field lines by the Alfvén wave. Because of this distortion, the locally perpendicular electric field has a finite resulting projection along the X-axis. This is a non-linear effect that has already been evidenced, with a single Alfvén wave, in the context of the solar corona physics by Tsiklauri (2006) . It is associated to the growth of a variation, along the X-axis, of the particle densities; it is therefore compressive.
The simulations conducted with two sinusoidal Alfvén waves show that the emergence of the electric field is quasiinstantaneous. At odds with the electric field, the growth of the density perturbation is progressive. The precise nature of the wave coupling associated to the emergence of the density perturbation and decay (Hung, 1974, parametric instability; Derby, 1978 , effect of the accelerated particles?) has not been investigated yet.
The interactions observed in these simulations could be relevant for auroral physics. In that context, the two Alfvén waves would represent magnetic perturbations propagating downward, and reflected waves above the ionosphere. Therefore, we could expect, as in the present simulations, that the up-and down-going waves have roughly similar characteristics. Indeed, the amplitude of the reflected wave might be lower than that of the incident wave, but the simulations AWC007, AWC008, and AWC015-AWC019 with waves of different amplitudes have shown that this is not an obstacle to the growth the longitudinal electric field structures. These simulations are also associated to a growth of longitudinal density perturbations.
For computational reasons (to take profit of the guiding centre approximation for the electron motion), these simulations were conducted with an ambient magnetic field B 0 = 4 higher than in most regions of the auroral zone. Such high values (that correspond physically to a ratio of the electron gyrofrequency to the plasma frequency ω ce /ω pe = 4) can be met only in the deep and localized plasma cavities with sharp transverse gradients observed in various acceleration regions (Hilgers et al., 1992; Delory et al., 1998; Chaston et al., 2007; Janhunen et al., 2004) . These cavities are good places for electron acceleration by Alfvén waves (Génot et al., 2001b (Génot et al., , 2004 Lysak and Song, 2008; Janhunen et al., 2004) , but in the present case, a cavity is not required, and the phenomenon could happen in a denser, less magnetized homogeneous plasma. What would happen then? For the same Alfvén waves amplitude, the magnetic field line distortion would be larger. Therefore, the projection of the locally perpendicular electric field along the X-axis would be larger too, and this would facilitate the creation of the E X electric field. Therefore, the process could be even more efficient outside the auroral plasma cavities seen by Hilgers et al. (1992) and Delory et al. (1998) .
Nevertheless, the problem is not completely solved. First, it is necessary to evaluate the influence of the parallel electric field on the particle distribution functions. It has been shown, in the framework of solar physics, that the interaction of sunward and anti-sunward Alfvén waves of similar amplitude through non-linear effects generates electrostatic waves and accelerate proton much more efficiently than in the quasilinear diffusion limit (Markovskii et al., 2009) . Concerning auroral physics, does any Alfvén waves-electrostatic waves interaction accelerate the ions? Do they accelerate the electrons? Might mono-energetic beams be formed as with inverted V structures? These will be the topics of a forthcoming study.
Second, we can see in the simulations with wave packets (AWC001-AWC008) that the parallel electric field structures remain only during the interaction of the two Alfvén wave packets. As soon as the wave packets have crossed each other, the E X structures starts to dissipate. Therefore, we have not yet created quasi-static inverted V-like structures that would survive the Alfvénic acceleration phase (apart F. Mottez: Parallel electric fields 93 from the case of AWC002 where it is not yet possible to conclude). In order to make quasi-static structures, one could imagine that in the ionospheric Alfvénic resonator (Chaston et al., 2002) , there would be a quasi-continuous supply of incident and reflected waves, and that these electric field structures would develop at the antinodes whose existence would be almost permanent. On the contrary, the density structures do not disappear after the wave crossing. As can be seen on Fig. 10 , the density perturbation continues to grow after the wave packets crossing.
The non-linear coupling of counter-propagating Alfvén waves trapped in an Earth auroral resonant cavity has been investigated by Chian (1995) . Although they did not consider the emergence of a longitudinal electric field, they have shown that electrostatic waves can be generated in that context. In the present study, we show also that these waves can be the cause of non-propagating density structures.
The projection effect invoked in Sect. 4 has already been studied in a work by Knudsen (1996) concerning the auroral context: there were up and down going Alfvén waves, but with a slightly oblique direction of propagation, implying electron inertia effects. The projection effect that was analysed depended rather on the coupling of each of these waves with the permanent electric field associated to a field aligned current sheet. A modulation of the plasma density was observed, as in the present paper. Low density cavities can also be created by ion heating localized in a region of a few gyroradius transverse size. Then, the process is associated to the growth of lower-hybrid waves and to the ponderomotive force. It can create small size density cavities (Seyler, 1994; Knudsen et al., 2004) . This effect can be amplified by the action of the mirror force caused by the convergence of the magnetic field lines in the direction of the Earth (Singh, 1994) . Other ways of initiating plasma density variations have been elaborated in the auroral context. The ponderomotive force associated to the coupling of an Alfvén wave and an ion-acoustic wave could create deep density cavities (Sharma and Singh, 2009 ). On a larger scale, the growth of density variations is associated to the ionospheric feedback instability, which is a coupling of Alfvén waves with the ionosphere (Streltsov and Lotko, 2008) . In that case, the density cavities are not created at magnetospheric altitudes, but in the bottomside ionosphere, a region that can be observed with ground based radars. Still on a large scale, the ponderomotive force associated to standing oscillations in the ionospheric Alfvénic resonator can create plasma flows along the geomagnetic field that modify the plasma density profile (Sydorenko et al., 2008) .
At odds with the above cited works, the present study is based only on the interaction of Alfvén waves above the ionosphere, it does not require the presence of an electric current or a large scale background density gradient, and it does not depend on the mirror force. It can be complementary to the previous studies, and especially relevant to cavities formed inside the auroral Alfvénic resonator.
The simultaneous presence of Alfvénic acceleration and quasi-static acceleration structures has recently been diagnosed outside the Earth auroral zone, in the magnetic flux tube connecting the planet Jupiter to its satellite Io. The diagnostics were made through the analysis of the so-called S-bursts and N-band radio emissions (Hess et al., 2009b; Arkhypov and Rucker, 2011 ) and a combination of data analysis and numerical simulation (Hess et al., 2007 (Hess et al., , 2009a . In a discussion paper, it has been established that the observed quasi-static structures are below the Alfvénic acceleration region, but still in the Alfvénic resonator, in the place where both the incident and the reflected Alfvén waves have a high amplitude (Mottez et al., 2010) . Although we have no proof yet that the Alfvénic acceleration would precede the formation of quasi-static acceleration structures, the mechanism presented in this paper might be interesting in the Jovian case too.
